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Abstract 
The Siemens AG has developed the PostCapTM process with the main target of removing carbon dioxide from coal- 
and gas-fired power plant flue gases at a large scale in an efficient, economical and environmentally friendly manner. 
This process is based on the well-known temperature swing absorption technology, which has been optimized to be 
operated with an amino-acid salt based solvent. 
Besides carbon dioxide, the removal of other acidic gases and metal ion flue gas contaminants is of great benefit to 
ensure the sustainability of heat and power generation from fossil fuel combustion. It is thus the aim of this paper to 
explain the behavior of these flue gas contaminants when introduced into the capture process. Further, the existing 
Siemens solvent reclaiming unit enables the removal of the formed by-products, which hinders their negative impact 
on process performance. 
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1. Introduction 
Since fossil energy sources are still the backbone of power generation worldwide, Carbon Capture and 
Storage (CCS) is a solution in order to reduce carbon dioxide emissions, and thus help mitigate global 
warming. Among the major technology options for carbon capture, post-combustion capture is the most 
flexible option because it is not only suitable for new power plants, but can be retrofitted to existing 
power plants of any size that operate with either coal or gas. 
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The main target of post-combustion carbon capture is of course to remove a high percentage of carbon 
dioxide (CO2) from the flue gas. Since the chemical scrubbing process with an alkaline solvent takes 
place downstream of all other process steps (fuel combustion, denitrification, flue ash removal, 
desulfurization), there is also the possibility of capturing remaining trace components such as heavy metal 
pollutants and the residual content of nitrogen oxides (NOx) and sulfur oxides (SOx). The emission of the 
latter into the earth’s atmosphere is the main cause of acid rain. 
Siemens has developed a proprietary post-combustion carbon capture process (PostCapTM), which uses 
an aqueous amino-acid salt (AAS) solution as capture solvent. An advantage of AAS is that they have no 
vapor pressure, and are therefore non-volatile and easy to handle. The solvent is characterized by a high 
environmental friendliness, and the PostCapTM process is nearly emission-free. The alkaline nature of this 
solvent enables it to react with the acidic components present in the flue gas. The reaction with CO2 forms 
the rich solvent, which consists of carbamate, bicarbonate, protonated and non-reacted AAS. These are 
known as heat-labile salts, since they are later regenerated by heating up the aqueous solution in the 
desorber. Additionally, the reaction with NOx and SOx forms heat-stable salts (HSS). These HSS are then 
accumulated in the process, which may precipitate and cause blockages in pipelines, valves and pumps if 
not separated and removed. They also hinder the non-reacted AAS, which increases the necessary solvent 
refill in order to maintain a constant CO2 capture performance. 
The HSS formation is either avoided by pre-treating the flue gas before it enters the capture plant, or 
by a posteriori removal from the solvent cycle. The first option would require an enhanced NOx and SOx 
removal upstream the carbon capture plant. The second option is achieved by including a solvent 
reclaiming unit within the CO2 capture plant. State-of-the-art solvent reclaiming methods evaporate the 
amine solution in order to separate it from the non-volatile unwanted HSS components, which remain in 
the liquid phase. The volatile amines are later condensed and returned to the solvent cycle. The 
incomplete condensation of the amines increases the solvent refill requirements. Since AAS are non-
volatile components with near-zero vapor pressure in the capture process, they may not be reclaimed by 
evaporation. Therefore, Siemens has developed a new 2-step high selective solvent reclaiming method, 
which uses other separating processes which better suit the salt nature. 
Besides acidic gases, power plant flue gases also contain traces of heavy metals, which are contained 
in the coal and are removed to a great extent in upstream pollution control devices. Considering the fact 
that they are contaminating for the environment if released to the atmosphere, it is an advantage to further 
reduce them in the PostCapTM process by absorption in the AAS solvent. The heavy metals are further 
concentrated in the solvent reclaiming unit and purged from the process in a waste stream. 
The following sections explain in more detail the reaction pathways of acidic gases when they contact 
the AAS solvent. Furthermore, the absorption capacity of metal ions has been measured. The theoretical 
review on possible reaction pathways is backed up with experimental results from the testing campaigns 
in the Siemens’ pilot plant at Staudinger coal-fired power plant and in the laboratory plant at Höchst 
Industrial Park. 
2. HSS formation 
Heat-stable salts are known to reduce the capacity of amine systems used in gas conditioning. They are 
responsible for corrosion, increased viscosity and foaming. The removal of HSS from the solvent cycle by 
applying solvent reclaiming results in smoother operations and reduces solvent makeup, foaming, anti-
foam usage, filtration costs, heat exchanger fouling, amine unit operating costs, etc [1]. 
The better comprehension of the nitrogen and sulfur oxides behavior in the capture process has 
facilitated the proper measures in the process operation in order to decrease their formation, and to 
properly design the solvent reclaiming unit for their removal and elimination. 
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2.1. Reaction and resulting components from NOx 
Downstream the selective catalytic reduction (SCR) unit, nearly all residual NOx exists as NO. 
Experimental findings determined that NO was practically not soluble in the AAS solvent. Due to an 
oxidative environment, the average NO2 concentration leaving the coal-fired power plant, and hence 
entering the carbon capture plant is < 5 mg/m3 [2]. The oxidation of NO to NO2 (eqn. 1) mainly occurs 
according to England [3] at an NO partial pressure below 1 mbar. Even though these conditions are given 
upstream the capture plant, this reaction is considered to take place only at a very small ratio, since it is 
limited by its very slow kinetics. The NO reaction to N2O (eqn. 2) has not yet been extensively detailed in 
the literature, but has yet to be investigated due to the presence of SOx in the flue gas. The equilibrium 
between NO/NO2 and N2O3/N2O4 (eqn. 3 and eqn. 4) is mainly influenced by their partial pressure and by 
the temperature. At low partial pressures (< 50 mbar), the equilibrium is located on the left side for both 
reactions. For N2O3, the equilibrium was calculated by Challis (1978) [4] to > 98 vol.-% of dissociated 
NO and NO2. For N2O4, the equilibrium was calculated at power plant conditions with high flue gas 
temperatures, yielding a NO2 proportion > 99 vol.-% [5]. The gas reactions that occur among the 
aforementioned compounds are listed below [6], [7]. 
22 22 NOONO →+
  (1) 
2224 OONNO +→
  (2) 
322 ONNONO ↔+
  (3) 
4222 ONNO ↔
  (4) 
The literature coincides mainly in the observation that all NO2 reacts 1:1 with water under alkaline 
conditions to form nitrite and nitrate (eqn. 5 and 6). It is assumed that all nitrite further reacts with AAS 
to nitrosamines (AAS-NNO) and the nitrate is accumulated in the solvent cycle. 
222 2HNOOHNONO ↔++
  (5) 
NOHNOOHNO +↔+ 322 23
  (6) 
The formed nitrosamines remain in the liquid phase since they have no vapor pressure in the 
PostCapTM process. They are later separated from the AAS in the solvent reclaiming unit, and under 
environmental legislation disposed of in the reclaimer waste stream. 
The formation of nitrite and nitrate in the AAS solvent was firstly investigated in the laboratory plant 
by adding a NO/NO2 mixture to the simulated flue gas current consisting of N2 and CO2. The analysis of 
the liquid phase found no traces of nitrate; only nitrite was formed. 
In order to confirm the laboratory results under real flue gas conditions, the evolution of the nitrite and 
nitrate in the AAS solvent was measured at the Siemens’ pilot plant over a period of 4 weeks (Figure 1). 
In this case, an increasing concentration of nitrate was measured. On the other hand, nitrite only increased 
at the beginning of the experiment, to later stagnate after around 300 h of operation. 
Taking the laboratory results into consideration, the nitrate formation can only have an external cause. 
It may be related to the presence of nitric acid aerosols in the flue gas (eqn. 6). These are formed in acid 
dew points located along the flue gas chain, e.g. in the flue gas desulfurization unit (FGD); and 
transported with the flue gas into the capture plant. Here they are absorbed in the alkaline AAS solvent 
forming nitrate salts. 
Along with the nitrosamines, the nitrate salts are separated in the solvent reclaiming unit from the 
amino-acid solvent, and later eliminated through the waste stream. 
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Figure 1: Nitrite/nitrate concentration in the lean solvent during carbon capture from a real flue gas [2] 
2.2. Reaction and resulting components from SOx 
The sulfur oxides (SO2 and SO3) are acidic gas components and will be also absorbed in the alkaline 
amino acid salts solution. Sulfur dioxide reacting with H2O or OH- leads to sulfurous acid or sulfite, 
whereas sulfur trioxide leads to sulfuric acid or sulfate (eqn. 7-13). 
+− +→+ HHSOOHSO 322
  (7) 
−− →+ 32 HSOOHSO
  (8) 
+−− +→ HSOHSO 233
  (9) 
+− +→+ HHSOOHSO 423
  (10) 
−− →+ 43 HSOOHSO
  (11) 
+−− +→ HSOHSO 244
  (12) 
+− +→+ HHSOOHSO 322
  (13) 
Under the conditions of the CO2 capture process (pH 9-12); both sulfur species will exist principally as 
sulfite/sulfate, and only a small portion as bisulfite/bisulfate. Figure 2 represents the mole fraction pH-
dependency schematically for sulfite/bisulfite.  
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Figure 2: Bisulfite-sulfite distribution as a pH function [8] 
Therefore, the absorption of both sulfur oxides entering the CCS plant releases two free hydrogen 
protons that are accepted by two molecules of amino-acid salts. These AAS remain protonated, which 
impedes their reaction with CO2. An example is depicted for potassium sarcosine in Figure 3. This is the 
main reason for the decrease in the amine capacity due to HSS formation. 
2
2
2
2
 
Figure 3: Sulfur blockage of amino-acid salt shown as potassium sarcosine as an example [5] 
In the PostCapTM process, a small amount of sulfur oxides is washed out in the flue gas pre-scrubber, 
which regulates the absorber inlet temperature. The remaining SO2/SO3 contacts the aqueous solution of 
AAS and will be almost fully absorbed. Hence, an increasing concentration of sulfite and sulfate in the 
liquid phase is expected. Figure 4 indicates clearly a linear increase of the sulfate content measured in the 
AAS solvent at the Siemens pilot plant. 
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Figure 4: Sulfate concentration in the AAS solvent at the pilot plant [2] 
To clarify why the majority of sulfur components occur as sulfate, the possible oxidation mechanism 
within the absorbent solution had to be investigated. The literature states that sulfite is a strong reduction 
agent and in alkaline solutions it is oxidized by air to a larger extent than in acidic solutions. A possible 
reaction is the oxidation according to Wilkinson (1993) [9]. Aqueous sulfite solutions react quantitatively 
within a few days when in contact with oxygen at ambient conditions (eqn. 14). The reaction can be 
catalyzed by metal ions such as cobalt (eqn. 15) [10]. The following reactions were proposed [11]: 
−−
⎯→⎯+ 24221
2
3 SOOSO
  (14) 
−−
⎯⎯ →⎯+ 24221
2
3 SOOSO catalyst
  (15) 
The second possible reaction is proposed by Hollemann and Wiberg (1985) [12]. They predicted that 
the oxidation of sulfite takes place under alkaline conditions in the presence of metallic reduction agents 
even at ambient temperature (eqn. 16 and 17). 
−−−− ++↔+ eOHSOOHSO 22 2
2
4
2
3
  (16) 
++− →+ 23 222 MMe
  (17) 
Finally there is also the possibility that a cross-interaction effect between SOx and NOx may be the 
cause of the oxidation. 
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2.3. NOx cross-interaction with SOx 
Since nitrogen oxides coexist with sulfur oxides in a power plant flue gas, their interaction also has to 
be considered. The analysis of the solvent from the pilot plant after 800 h of operation resulted in only a 
small quantity of sulfite (<1.5 mmol/l) and a high sulfate concentration (25 mmol/l). Siddiqi et al. (2004) 
[13] suggest that the following reaction between NO2 and bisulfite/sulfite occurs: 
22
2 22(aq)
(l)(aq) 2
 
Figure 5: Cross-influence of NOx and SOx according to Siddiqi et al. 
It is evident that the oxidation of sulfite to sulfate also takes place under the presence of NO2. While 
the sulfite concentration remains low, the sulfate concentration increases quantitatively. 
3. Metal ion removal 
The emission of heavy metal pollutants from fossil fuel power plants has been a main concern in the 
energy sector for the past few decades. The presence of these substances may cause harm to the 
environment and the human population living in the surroundings of a power plant. 
Post-combustion CO2 capture processes with aqueous alkaline solvents offer the possibility of 
removing these contaminants, especially Hg, before the flue gas is vented into the atmosphere. In the 
Siemens’ PostCapTM process, the heavy metals would first be absorbed in the amino-acid salt solution and 
later concentrated in the waste stream of the solvent reclaiming unit. This stream is later purged from the 
process and sent to incineration. The heavy metals and nitrosamines are then eliminated according to the 
environmental protection laws and regulations. 
Since not much experimental data regarding other carbon capture processes is publicly available, it 
was investigated if the AAS solvent is capable of removing said heavy metals under real flue gas 
operating conditions. 
3.1. Metal ions present in the flue gas 
At first, a metal ion analysis was carried out in the Siemens pilot plant during a long-term operation 
phase. The composition of the gas stream before the absorber inlet and after the absorber outlet was 
measured. Among the metal ions contained, the main components identified entering the absorber were 
lead (Pb), chrome (Cr), copper (Cu), cobalt (Co), manganese (Mn), nickel (Ni), zinc (Zn), cadmium (Cd), 
thallium (Tl), tin (Sn), strontium (Sr), arsenic (As), mercury (Hg) and iron (Fe). 
The presence of some of these heavy metals in the AAS solvent might act as catalysts of the 
aforementioned HSS reactions [5]. 
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3.2. Metal ion absorption 
The relative difference between the metal ion mass flow rate at the absorber inlet and outlet determines 
the absorption capacity. It has been calculated for the most relevant metals identified, and is expressed in 
percentage units according to equation 18. 
100(%) ×−=
inlet
outletinlet
capacityAbsorption
  (18) 
The final results for the metal ion absorption capacity are presented in Table 1. In the majority of the 
cases, the incoming component is retained in the aqueous solvent to a large extent. 
Table 1: Metal ion absorption capacity in AAS: pilot plant measurements [2] 
Component Absorption capacity (%) 
Mercury (Hg) 44.4 
Sum of Cd/Tl 50.0 
Sum of Sb-Sn 43.4 
Sum of As, Cd, Co, Cr 86.0 
Iron (Fe) 60.0 
4. Conclusion 
The following conclusions to HSS formation in the AAS solvent can be drawn: 
• under typical power plant flue gas conditions (low partial pressure and moderate temperatures), NO2 is 
absorbed as nitrite, which further reacts to AAS-NNO, 
• nitrate can only be formed by HNO3 aerosols present in the flue gas, 
• under typical power plant flue gas conditions (low partial pressure and presence of NOx), SO2 reacts to 
bisulfite /sulfite, which is later oxidized to sulfate (in the presence of oxygen, catalytically enhanced 
by metal ions, reaction with OH- and by cross-influence with NO2), and 
• in an alkaline solution, SO3 directly forms sulfate. 
An HSS reaction pathway summary is illustrated in Figure 6. The components in red are the final 
reaction products derived from nitrogen and sulfur oxides, namely, nitrate, sulfate and nitrosamines. 
(diss) (diss)
 
Figure 6: Overview of the HSS formation derived from the interaction of nitrogen and sulfur oxides [5] 
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The AAS nitrosamines are non-volatile components due to their salt nature. After their formation, they 
remain in the aqueous solvent until they are later separated from the AAS in the solvent reclaiming unit, 
and disposed of under environmental legislation procedures. 
The Siemens PostCapTM process is finally not only capable of efficiently reducing acidic gas emissions 
from fossil power plants, but also may clean the flue gas of further hazardous components, and 
concentrate them in an easily manageable waste stream. It is therefore the most environmentally friendly 
commercial post-combustion capture process available nowadays. PostCapTM has been thoroughly 
validated in pilot operation over several years and is ready for large-scale implementation for coal- and 
gas-fired power plants. 
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